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ENCAPSULATED MULTI-DIRECTIONAL 
LIGHT BEAM STEERING DEVICE 

BACKGROUND 

1. Field of Invention 
The present invention relates to micromechanical 

machines, and in particular to micromechanical mirrors used 
to direct light beams. This application is related to the 
subject matter disclosed in Us. Pat. No. 5,835,256 to 
Huibers, and US. Pat. No. 6,046,840 to Huibers, the subject 
matter of each being incorporated herein by reference. 

2. Related Art 
FIG. 1 illustrates one architecture of an optical sWitch 2 

(eg an optical cross-connect) using opposing microme 
chanical mirrors formed, for example, over a silicon sub 
strate. Information carrying (modulated) light signals arrive 
through input optical ?bers 100 that are each coupled to 
conventional input terminals 101. Each light signal is col 
limated into a light beam that is directed to one of several 
output optical ?bers 102. Light beam directional steering is 
accomplished using the micromechanical mirrors in mirror 
arrays 104 and 106. Fine mirror tilt angle control is desirable 
to properly direct each light beam to one of several conven 
tional output terminals 103, each coupled to one of the 
output ?bers 102. 

For example, a conventional information carrying light 
signal (e.g., modulated laser light) arrives though input ?ber 
100b. The signal exits the end of ?ber 100b and is collimated 
by conventional optics (lens) to form light beam 110 that is 
incident on mirror 104b. Electrodes (not shoWn) de?ect 
mirror 104b so as to direct beam 110 toWards mirror array 
106. The angle of de?ection for mirror 104b is controlled by 
a sWitching algorithm that activates the electrodes such that 
light beam 110 is directed to the correct mirror in array 106. 
As depicted, mirror 104b directs beam 110 to mirror 106b, 
but alternatively may direct the beam to mirror 106a or 
106C. The sWitching algorithm also actuates electrodes (not 
shoWn) that control the de?ection angles of the mirrors in 
array 106, thereby directing light beams re?ected from array 
104 into the output ?bers. As shoWn in FIG. 1, mirror 106a 
directs light into ?ber 102a, mirror 106b directs light into 
?ber 102b, and mirror 106C directs light into ?ber 1026. 

FIG. 2 illustrates a second architecture for another micro 
mechanical optical sWitch 4. This second architecture uses a 
single micromirror array 120 and a ?xed mirror 122 to 
produce a folded optical path. Input and output optical ?bers 
are mixed in ?ber array 124, and each ?ber is coupled to 
conventional input or output terminals 125 as appropriate. 
Input light signals are collimated into a light beam and 
directed at a ?rst mirror in array 120. The light beam is 
re?ected from the ?rst mirror in array 120 so as to re?ect 
from ?xed mirror 122 onto a second mirror in array 120. The 
second mirror is then angled to direct the light beam to the 
appropriate output ?ber. For instance, FIG. 2 shoWs light 
beam 126 re?ecting from mirrors 121a, 122, and 120b to 
reach output ?ber 124b. FIG. 2 also shoWs mirror 120 
alternatively tilted to a second angle so as to re?ect beam 
126 from mirrors 122 and 120C toWards output ?ber 124C. 

Architectures such as those illustrated in FIGS. 1 and 2 
are preferable to cascaded binary cross-over sWitches for 
cross-connecting large numbers of optical ?bers. A sWitch 
using one or tWo tWo-dimensional micromechanical mirror 
arrays can cross-connect, for example, 30x30 optical ?ber 
arrays. In contrast, hundreds of cascaded binary cross-over 
sWitches Would be required for such a cross-connect. 

Micromechanical mirror con?gurations are knoWn. FIG. 
3 shoWs, for example, “re?ective surface” 140 (shoWn in 
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2 
cutaWay by dashed lines) that is “suspended by four ?exure 
hinges” 142 and “posts” 144 as disclosed in US. Pat. No. 
5,808,780 [’780 patent]. Four “electrodes” 146a—a' underlie 
re?ective surface 140. 

The ’780 patent states that the electrodes are “activated 
With a knoWn analog voltage. The different levels of voltage 
available in the analog domain determine Which of several 
de?ected states the member assumes. Once a knoWn analog 
voltage is applied, the segmented electrodes alloW ?ne 
tuning of the member’s position” in order to maintain the 
member parallel to it’s original position. 
As the ’780 patent discloses, the embodiment illustrated 

therein has a mirror With only tWo stable positions, though 
the electrodes could alloW a third stable position. The ’780 
patent further states that the illustrated embodiment has only 
one input light path, though it could have tWo light paths 
passing light onto the re?ective surface 32. The light could 
then be sWitched for one path or the other or both into one 
of four output paths for the tWo illustrated positions, or one 
of six output paths if there Were a third position. 

It is desirable to have an optical sWitch With at least one 
micromechanical mirror array, in Which the mirror elements 
are capable of being de?ected to a relatively large number of 
positions and angles, thereby permitting light beams from a 
large number of input ?bers to be simultaneously directed to 
a large number of output ?bers. Fine mirror tilt angle control 
is desirable, hoWever, because the beam directed toWards an 
optical ?ber typically should be Within a feW tens of 
micrometers of the output ?ber’s end for suf?cient light 
to enter the ?ber. The control system that provides such ?ne 
control should be dynamic in order to compensate for mirror 
angle variations caused by temperature changes, for 
example. It is also desirable in some instances to use a digital 
control system to produce the electrostatic ?elds used to tilt 
the mirrors. 

SUMMARY 

A light beam steering device includes a mirror plate that 
is mechanically coupled to an optically transmissive sub 
strate by ?exures that permit the mirror plate to tilt around 
a plurality of axes. The plate can be tilted in any direction 
(up to a tilt angle limit dictated by, eg the ?exures and the 
tilt space). Therefore, an input light signal from an N><N 
array can be directed to any output member on the same 
array or on a separate NxN output array. The optically 
transmissive substrate is spaced apart from a device sub 
strate so that the mirror plate is betWeen the optically 
transmissive and device substrates. Electrically conductive 
electrodes are formed on the device substrate opposite the 
mirror plate. The optically transmissive substrate can be 
fully or substantially transparent. 
The mirror plate can be tilted in any direction, up to the 

tilt angle limit. The mirror is tilted to various angles by 
creating an electrostatic attractive force betWeen the mirror 
plate and one or more selected electrodes. In addition, the 
mirror plate can be pulled aWay from the optically trans 
missive substrate by creating an electrostatic attractive force 
betWeen the mirror plate and all electrodes. The electrodes 
can be formed in an array having various con?gurations. The 
electrodes in some electrode array embodiments receive 
analog (continuously variable) electric signals. The elec 
trodes in other electrode array embodiments receive electric 
signals that are associated With one of tWo binary logic 
states. 

The direction toWards a target of the re?ected portion of 
a light beam that is incident on the mirror plate is monitored 
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and adjusted in various Ways. In one embodiment the 
re?ected portion of the beam is passed through a beam 
splitter. One split beam portion continues toWards the target 
(e.g., output ?ber) While another split beam portion is 
incident on a photodetector array. The position of the beam 
portion that is incident on the photodetector array correlates 
to the direction of the beam portion directed toWards the 
target. An adjustment circuit uses information from the 
photodetector array to correct the direction of the beam 
portion that is traveling toWards the target by adjusting the 
amount of charge on the electrodes under the mirror plate. In 
another embodiment, a second light source shines light, 
other than the information carrying light beam, onto the 
mirror plate. The re?ected portion of light from the second 
light source is incident on a photodetector array. Since both 
the information carrying light beam and the second light 
source light are incident on the same mirror, the directions 
of the re?ected portions of each beam are related. Thus the 
direction of the beam re?ected toWards the target is adjusted 
based on the incident position on the photodetector array of 
the re?ected portion of light from the second source. In still 
another embodiment, photodetectors are positioned around 
the mirror plate to provide directional information associ 
ated With the beam that is incident on the mirror plate. 

Therefore, in one embodiment of the invention, there is 
provided a light beam steering device comprising an opti 
cally transmissive substrate, a movable element held on the 
optically transmissive substrate by a plurality of ?exures, 
With the ?exures being coupled directly or indirectly to the 
optically transmissive substrate and the movable element. 
The ?exures permit the movable element to tilt around a 
plurality of axes so as to de?ect light incoming through the 
optically transmissive substrate back through the optically 
transmissive substrate. Also, a device substrate is provided 
spaced apart from the optically transmissive substrate such 
that the movable element is betWeen the device substrate and 
the optically transmissive substrate. 

Also provided is an optical sWitch comprising an optical 
?ber input terminal, an optical ?ber output terminal, and a 
beam steering device comprising an optically transmissive 
substrate, a movable plate, and ?exures extending from the 
movable plate and coupled directly or indirectly to the 
optically transmissive substrate. The ?exures permit the 
movable plate to tilt around a plurality of axes so as to 
de?ect light incoming through the optically transmissive 
substrate back through the optically transmissive substrate. 
A device substrate is provided spaced apart from the opti 
cally transmissive substrate such that the movable plate is 
betWeen the device substrate and the Idoptically transmis 
sive substrate. 
An optical netWork is also provided Which comprises at 

least one input ?ber capable of carrying information at 
multiple Wavelengths of light, one or more optical demul 
tiplexers for separating multiple Wavelengths of light from 
the at least one input ?ber, an optical sWitch comprising an 
optical ?ber input array comprising a plurality of optical 
?bers for providing a plurality of light Wavelengths for 
sWitching, an optical ?ber output array comprising a plural 
ity of optical ?bers for receiving a plurality of light 
Wavelengths, and a beam steering device comprising an 
optically transmissive substrate, a plurality of movable 
elements, ?exures extending from each movable element 
and coupled directly or indirectly to the optically transmis 
sive substrate, and Wherein the ?exures permit each movable 
element to tilt around a plurality of axes so as to de?ect light 
incoming from one of the plurality of optical ?bers of the 
optical ?ber input array and through the optically transmis 
sive substrate back through the optically transmissive sub 
strate to one of the plurality of optical ?bers of the optical 
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4 
?ber output array. Also provided are one or more optical 
multiplexers for combining multiple Wavelengths of light, 
and at least one output ?ber capable of carrying information 
at multiple Wavelengths of light. 

Also provided is an optical beam scanner comprising a 
light source and a beam steering device comprising an 
optically transmissive substrate, a movable plate, and ?ex 
ures extending from the movable element and coupled 
directly or indirectly to the optically transmissive substrate, 
and Wherein the ?exures permit the movable plate to tilt 
around a plurality of axes so as to de?ect light incoming 
through the optically transmissive substrate back through the 
optically transmissive substrate. Also provided is a device 
substrate spaced apart from the optically transmissive sub 
strate such that the movable plate is betWeen the device 
substrate and the optically transmissive substrate, electri 
cally conductive electrodes formed on the device substrate 
opposite the movable plate, Wherein the light source is 
positioned to direct a light beam onto the movable plate of 
the beam steering device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates one architecture of an optical sWitch 
using micromechanical mirrors. 

FIG. 2 illustrates a second architecture of an optical 
sWitch using micromechanical mirrors. 

FIG. 3 is a perspective vieW of a micromechanical mirror. 

FIG. 4 is a cross-sectional vieW that illustrates optical 
sWitching device operation. 

FIG. 5 is an exploded perspective vieW illustrating one 
embodiment of a light beam steering device. 

FIG. 6 is a top vieW shoWing a portion of a mirror plate 
and underlying electrodes. 

FIGS. 7A—7E are cross-sectional vieWs taken along cut 
line 7—7 in FIG. 6 and illustrating fabrication of a beam 
steering device. 

FIG. 8 is a cross-sectional vieW illustrating mirror opera 
tion using opposite electrical charges placed on a mirror 
plate and electrodes. 

FIG. 9 is a top vieW illustrating an embodiment of 
electrical interconnection among mirrors. 

FIG. 10 is a top vieW illustrating one embodiment of an 
array of photo detectors. 

FIG. 11 is a top vieW illustrating a second embodiment of 
a mirror plate and ?exures. 

FIG. 12 is a top vieW illustrating a third embodiment of 
a mirror plate and ?exures. 

FIG. 13 is a top vieW illustrating a fourth embodiment of 
a mirror plate and ?exures. 

FIG. 14 is a top vieW illustrating a ?fth embodiment of a 
mirror plate and ?exures. 

FIG. 15 is a top vieW illustrating an array of electrodes 
positioned under a mirror plate. 

FIG. 16 is a top vieW illustrating a second array of 
electrodes positioned under a mirror plate. 

FIG. 17 is a diagram illustrating one embodiment of an 
architecture for beam position monitoring and adjustment. 

FIG. 18 is a diagram illustrating a second embodiment of 
an architecture for beam position monitoring and adjust 
ment. 

FIG. 19 is a diagram illustrating an optical beam scanner. 

DETAILED DESCRIPTION 

The accompanying draWings are illustrative and are not to 
scale. In addition, some elements are omitted from the 
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drawings to more clearly illustrate the embodiments. Top 
views are oriented so that the vieWer is looking through the 
optically optically transmissive substrate (When present) 
toWards the underlying structures. 

FIG. 5 is an exploded perspective vieW illustrating one 
embodiment of a light beam steering device. FIG. 5 shoWs 
one structure in an array of similarly con?gured structures 
that is used, for example, in an optical sWitch or optical 
scanner. Mirror plate 200 is suspended by four ?exures 202 
that are each connected to one of four posts 204. Plate 200 
is substantially rigid, Whereas ?exures 202 are ?exible. As 
described in detail beloW, plate 200, ?exures 202, and posts 
204 are formed on the bottom surface 208 of optically 
transmissive substrate 210 (e.g., glass). Substrate 210 is 
optically transmissive to light (e.g., infrared, visible, or 
ultraviolet). One layer of plate 200 is electrically conductive 
and is electrically coupled to a conventional circuit (not 
shoWn) that places, for example, a negative electric charge 
on the conductive portion of plate 200. 

Opaque (light blocking) layer 212 is formed on bottom 
surface 208 (or Within or on a top surface of optically 
transmissive substrate 210), and clear area 214 in layer 212 
is vertically coincident With plate 200 so that light passing 
through substrate 210 is incident on plate 200. Opaque layer 
212 assists in preventing light from scattering Within the 
beam steering device. Layer 212 is omitted in some embodi 
ments. 

Device substrate 220 is positioned beloW the substrate 
210 and mirror plate 200 assembly and is spaced apart from 
substrate 210 by pillar 222. Aplurality of pillars 222 are used 
in a large mirror array. The de?ectable re?ective elements of 
the present invention can be large (100 micron diameter and 
bigger) so that the spacer also needs to be big if there is to 
be signi?cant tilting angles. The spacers can either be 
discrete shims (including for example glass rods or balls that 
are commonly used for spacers in optical applications) that 
are glued in place, or they can be fabricated on one of the 
substrate, for example using the SU-8 Epoxy-photoresist 
process. The pillars are, for example, composed of Micro 
Chem Corp. SU-8 25 photoresist. This can be spin-coated on 
either substrate, typically at 560 RPM for 20 seconds, 
folloWed by a bake of 10 minutes at 65 degrees C. and a bake 
of 25 minutes at 90 degrees C., and exposure at Wavelengths 
betWeen 350 and 400 nm using conventional photolitho 
graphic methods. This is folloWed by a 1 minute 50 degrees 
C. post-exposure bake and Wet develop using SU-8 devel 
oper to create a patterned 125 micron thick ?lm. Different 
spin speeds and SU-8 photoresist viscosities can be used to 
create other pillar heights. The pillars can be attached to the 
other substrate using a Wide variety of epoxies or other 
adhesives. 
An advantage of fabricating the movable elements on the 

light transmissive substrate (rather than on the device 
substrate) for light beam steering devices, is that it is much 
easier to create a sufficient tilt space for mirrors having 
relatively large dimensions (e.g. up to 500 or 1000 pm). If 
fabricating the mirrors on the device substrate, it is neces 
sary to hold the mirrors suf?ciently high above the device 
substrate so that there is suf?cient room for mirrors of this 
siZe to tilt at angles suf?cient to target many optical outputs 
in a large optical output array. In order to hold the mirrors 
on the device substrate at a suf?cient height, it is necessary 
to create pillars by adding layer upon layer to the device 
substrate. Very large mirrors With large tilt angles could 
require hundreds of layers to be added, prior to forming the 
mirrors to be held by such laminated pillars. This is not only 
time consuming and costly, but it greatly increases the 
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6 
possibility of error and loWers yield. In contrast, by holding 
the mirrors on the light transmissive substrate, a) the mirrors 
Will tilt aWay rather than toWards the substrate to Which they 
are attached, b) the mirrors can be pulled aWay from the 
substrate prior to tilting, and c) a simple spacer (pillars) can 
be placed betWeen the light transmissive and device sub 
strates prior to assembly, thus avoiding the need to build up 
the device substrate, layer by layer, to create enough tilt 
space. 

Electrically conductive electrodes 224a, 224b, 224c, and 
224d are formed on top surface 226 of device substrate 220. 
Each electrode 224a—a' is electrically coupled to active 
control circuitry (not shoWn) that places, for example, a 
positive electric charge on one or more of electrodes 
224a—a'. During operation, electric charge of one polarity 
(e.g., negative) is placed on the mirror plate and varying 
amounts of electric charge of the opposite polarity (e.g., 
positive) are placed on one or more electrodes. Thus, the 
electrostatic attractive force betWeen the charged electrodes 
and the mirror plate causes the mirror plate to tilt. In 
addition, an identical amount of electric charge of the same 
polarity may be placed on each electrode 224a—a', but 
opposite polarity to that of the mirror plate, thus evenly 
pulling the mirror plate aWay from the optically transmissive 
substrate Without tilting the mirror plate. 

FIG. 6 is a top vieW shoWing a portion of mirror plate 200 
cut aWay to reveal the orientation of the underlying elec 
trodes 224. In the embodiment shoWn in FIG. 6, four unique 
electrically conductive electrodes are used, and each elec 
trode has a quarter-circle shape. Other embodiments have 
other numbers of electrodes With different shapes. Active 
electrode control circuit 230 is shoWn electrically connected 
via lines 232a and 232b to electrodes 224a and 224b, 
respectively, to illustrate that each electrode underlying each 
mirror in the mirror array is electrically coupled to the 
control circuit. In the embodiment shoWn, control circuit 
230 provides a unique analog voltage signal to each elec 
trode. The magnitude of the voltage (amount of charge) 
applied to each electrode is determined by the control 
algorithm that determines the proper de?ection angle for 
each mirror in the array at any given time. For example, in 
a feedback control algorithm, a sensor (not shoWn) deter 
mines the position of a mirror, and then electrode voltages 
are adjusted appropriately to bring the mirror to the desired 
position. The correct voltages are approximately knoWn 
from an internal model of the basic electromechanical 
properties of the mirror/?exure/electrode system. A feed 
back algorithm can correct for slight imperfections in the 
as-manufactured structure and time-varying changes in the 
properties of the mirror and ?exures, such as thermal expan 
sion. In some embodiments control circuit 230 also applies 
a constant bias voltage (amount of charge) to all electrodes 
so as to pull all mirrors aWay from the optically transmissive 
substrate. Other mirror angle control methods and electrode 
con?gurations are discussed beloW. 

FIGS. 7A—7E are cross-sectional vieWs taken along cut 
line 7—7 in FIG. 6 that illustrate an embodiment of a light 
beam steering device that is formed using the surface 
micromachining (thin ?lm) fabrication process. The surface 
micromachining process generally produces thinner, and 
consequently lighter and faster moving, movable elements 
than bulk micromachining process Which use signi?cant 
parts of the (usually silicon) substrate as mechanical ele 
ments. 

FIG. 7A shoWs sacri?cial layer 302 formed over “bottom 
surface” 304 of optically transmissive substrate 210 Many 
different suitable optically transmissive substrates are 
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possible, including glass, PyrexTM, tempered glass, quartz, 
sapphire, lithium niobate, and optically transmissive high 
melting point polymers. 

Surface 304 is termed the “bottom” because substrate 210 
is inverted over the device substrate When the beam steering 
device is assembled. In some embodiments an opaque layer 
(not shoWn, but see e.g., FIG. 5 element 212) is formed over 
bottom surface 304, and is conventionally patterned and 
etched to alloW light to pass through the optically transmis 
sive substrate over the mirror but to block light from 
reaching other portions of the underlying device substrate. 
In some embodiments the opaque layer is patterned and 
etched to alloW light to reach light sensors positioned on the 
device substrate as described beloW. This layer can be made 
of, for example, a 100 nm thick layer of Titanium, made 
using conventional sputtering and patterning techniques 
knoWn in the semiconductor industry. 

Sacri?cial layer 302 is a conventional amorphous silicon 
layer deposited using a conventional parallel plate plasma 
enhanced chemical vapor deposition (PECVD) system uti 
liZing SiH4 (silane) and argon gasses. In other embodiments 
in Which the thermal budget of substrate 210 alloWs (eg the 
deposition process for layer 302 remains beloW the glass 
transition temperature of substrate 210), layer 302 is a 
conventional polycrystalline silicon (polysilicon) layer 
deposited using conventional loW pressure chemical vapor 

deposition methods. Layer 302 is 5—10 micrometers thick, although other thicknesses may be used depending on 

the desired spacing betWeen the mirror plate and the opti 
cally transmissive substrate. Layer 302 is conventionally 
patterned and etched to form vias 308 (one is shoWn) in 
Which the support posts are formed. 

Mirror structural support layer 310 is formed over sacri 
?cial layer 302, as shoWn in FIG. 7B. Structural support 
layer 310 is conventionally patterned and etched to form the 
mirror support plate (e.g., FIG. 5 element 200) and the 
support posts that attach the ?exures to substrate 210. The 
mirror is, for example, approximately 500 pm in diameter. In 
one instance layer 310 is a conventional silicon nitride layer 
that is conventionally deposited using a parallel plate 
PECVD system and silane, nitrogen, and nitrous oxide 
gasses (eg 2000 sccm ?oW of N2, 25 sccm ?oW of SiH4, 
a pressure of 1.5 torr, and a temperature of 350 degrees C., 
poWer of 150 W for a 150 mm Wafer, and electrode spacing 
of 10 mm) to produce a thickness of 0.5—2.0 pm. 

In some embodiments structural layer 310 is a laminate of 
several thin layers, illustrated in FIG. 7D. A 1.0 pm thick 
layer 310, for example, is made of four 0.25 pm thick 
laminate layers 312. The underlying substrate is alloWed to 
cool betWeen depositions of each silicon nitride laminate 
layer 312. It is Well-knoWn that a stress gradient typically 
exists in a thin ?lm after deposition, due to, for example, 
heating of the substrate during the ?lm deposition process. 
A large (e.g., 500 pm) mirror plate formed of such a ?lm 
could, in some situations, curl or deform When released from 
the sacri?cial layer if the stress gradient is suf?ciently large. 
Forming layer 310 as a laminate of identical ?lms greatly 
reduces the effect of the stress variations in the structural 
layer, plotted as a saW tooth for example, and consequently 
eliminates mirror plate curling. The use of silicon nitride and 
the number of laminate layers is illustrative, and many 
acceptable variations exist. 

Referring to FIG. 7C, hinge layer 314 is formed over 
support layer 310. In one instance layer 314 is a 0.1—0.2 pm 
thick conventionally deposited conventional silicon nitride 
layer. Since the hinge layer also contributes to the mirror 
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8 
laminate, the stress properties need to be compatible With the 
?atness requirement of the mirror laminate. For example, the 
hinge layer can be an identical ?lm as laminate layers 312. 
Re?ective layer 316 is electrically conductive and is formed 
over hinge layer 314. In one instance layer 316 is a 30—50 
nanometers (nm) thick aluminum layer. The aluminum layer, 
When used, is kept thin to reduce mechanical stress contri 
butions to the mirror plate, and also because aluminum does 
not fatigue Well. Gold can also be used to obtain good 
re?ectivity at infrared Wavelengths. The aluminum or gold 
?lm can be deposited by conventional thermal or electron 
beam evaporation techniques, Which produces smooth ?lms 
With loW stress. After the light beam steering device is 
assembled, re?ective layer 316 re?ects light that passes 
through substrate 210 and is incident on the mirror. Since 
layer 316 is behind layers 310 and 314, layers 310 and 314 
are important to the optical re?ectivity of the mirror. To 
achieve optimal re?ectivity, the total thickness of layers 310 
and 314 can be chosen such that they the optical path 
through them (physical path length multiplied by optical 
index) is equal to a multiple of one half of the Wavelength 
of the light being re?ected. Layer 316 also alloWs electric 
charge to be placed on the mirror plate through electrically 
conductive interconnects, discussed beloW. Layers 314 and 
316 together form ?exure layer 318 that is conventionally 
patterned and to form the ?exures (e.g., FIG. 5 element 202) 
that support the mirror plate. The ?exures in one embodi 
ment are approximately 2 pm Wide to permit easy litho 
graphic patterning. 
The built-up structure on substrate 210 is conventionally 

exposed to xenon di?uoride (XeF2) gas (e.g. near its room 
temperature vapor pressure of approximately 4 torr) to 
remove sacri?cial layer 302, thereby freeing the mirror plate 
and ?exures from contact With substrate 210 and alloWing 
mirror plate movement. Removal of the sacri?cial layer is 
disclosed in more detail in US. patent application Ser. No. 
09/427,841, incorporated herein by reference. 

It is also possible to form the hinge/re?ective layer ?rst 
With the structural support layer formed over the hinge layer 
(or a structural support layer on each side of the re?ective 
layer). HoWever, it is often the case that the nitride Will go 
doWn hotter (350 C.) than the re?ective metal (e.g. gold or 
aluminum or a combination thereof) layer, and this may 
cause the metal layer to have residual tensile stress When the 
substrate cools back doWn. 

After the sacri?cial layer is removed, the optically trans 
missive substrate and mirror assembly is inverted and posi 
tioned over device substrate 220 (e.g., crystalline silicon that 
may include active electronic devices such as transistors) so 
that mirror 200 is aligned over electrodes 224. Support 
pillars 222 (20 to 500 microns high) separate substrates 210 
and 220 to alloW the mirror to de?ect. In some embodiments 
the pillars separate the substrates to alloW a mirror tilt angle 
of at least 10 degrees With respect to surface 304, or even tilt 
angles as high as 25 degrees (though a tilt angle of from 1 
to 15 degrees is preferred). The pillars can be bonded to the 
substrates such as With adhesive, the tWo substrates can be 
aligned With an optical microscope With a large depth of 
?eld. In order to avoid damaging the mirrors and traces as 
the tWo substrates are aligned, it can be preferable to do 
gross alignment ?rst, then ?ne alignment. 
The space 320 betWeen substrates 210 and 220 may be 

evacuated or ?lled With a gas such as Argon or Nitrogen to 
change the mirror de?ection time and level of motion 
damping. To maintain the pressure, the device Would need to 
be sealed to the environment. A metal/solder seal may be 
desirable, though an epoxy seal can also be used. The space 
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is evacuated by evacuating a vacuum chamber With a pump, 
then making the seal at the desired pressure. The gas is bled 
into the vacuum chamber prior to forming the seal in order 
to provide the gas Within the device. The assembly could be 
sealed against leakage in a conventional way (eg as a light 
bulb is conventionally back?lled With Argon and sealed). 

Flexures illustrated herein are shoWn as thin ribbons. 
Other ?exure cross-sections may be used (e.g., I-beam shape 
or double ribbon) to provide different physical characteris 
tics (e.g., bending to torsion ratio) to the ?exures. By 
“?exure” it is meant any element that ?exes, tWists, bends, 
pivots, or otherWise alloWs for movement of the mirror 
plate. 

FIG. 8 is a cross-sectional vieW that illustrates mirror 
operation using opposite polarity electrical charges placed 
on the mirror plate and the electrodes. As shoWn in FIG. 8, 
mirror plate 200 is in a nonde?ected position 330 When no 
electrostatic attractive force exists betWeen plate 200 and 
electrodes 224. Mirror plate 200 is in an illustrative de?ected 
position 332 When an electrostatic attractive force exists 
betWeen the mirror plate and the electrodes. The electrostatic 
force betWeen the mirror plate and the electrodes is caused 
by conventionally placing, for example, negative electric 
charge (illustrated by “—” signs) on the mirror plate and 
positive electric charge (illustrated by “+” signs) on the 
electrodes. A constant differential “bias” force betWeen 
mirror plate 200 and all electrodes 224 is caused by placing 
an equal amount of charge on each of the electrodes 224. 
This bias force pulls the mirror plate aWay from optically 
transmissive substrate and toWards active substrate 220 
While keeping the mirror plate parallel With bottom surface 
304 of substrate 210. An additional amount of opposite 
polarity charge (illustrated by additional “+” signs) is placed 
on one or more electrodes, e.g., electrode 224b as shoWn, so 
as to cause a localiZed electrostatic attractive force that tilts 
the mirror into de?ected position 332. From FIG. 8 it can be 
seen that if mirror 200 is tilted from position 330 Without 
?rst being pulled aWay from the optically transmissive 
substrate, the mirror Will pivot around axis 334 and one edge 
Will strike substrate 210. Pulling mirror 200 aWay from 
substrate 210 alloWs mirror 200 to be de?ected to a larger 
angle as the mirror pivots around axis 334 so that the edge 
closest to substrate 210 does not touch the substrate A 
differential voltage in the range of 0.0—50.0 Volts (higher 
may be used), preferably from 5 to 16 Volts, causes the 
charge difference betWeen the mirror plate and the elec 
trodes. If space 320 is evacuated, the time required for full 
de?ection of mirror plate 200 from a non-de?ected to a fully 
de?ected position is approximately 100 microseconds 
(,usec). 

FIG. 9 is a top vieW illustrating one electrical intercon 
nection structure using electrically conductive interconnect 
traces 342 to electrically couple mirrors 200. Conventional 
voltage source 340 supplies constant electric charge (e.g., 
negative charge) on one conductive interconnect 342. The 
voltage applied can be positive or negative. In some 
instances voltage source 342 is electrically coupled to the 
mirrors through a conventional connection pad convention 
ally formed on the perimeter of the optically transmissive 
substrate. The charge is distributed among all mirrors by 
interconnects 342 and the electrically conductive layer on 
each of the support posts 204, ?exures 202, and mirrors 200. 

FIG. 10 is a top vieW of an embodiment of circular mirror 
plate 402 and four semi-circular-shaped ?exures 404. Each 
?exure 404 is attached to the optically transmissive substrate 
(not shoWn) using posts 406. An advantage to this design is 
robustness to intrinsic deposited ?lm stress that occurs as 
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10 
mirror plate 402 is formed. When plate 402 is released from 
the underlying sacri?cial layer during the fabrication 
process, the ?exure pattern shoWn in FIG. 10 alloWs the 
plate to rotate slightly and relax against the material stress. 
FIG. 10 also illustrates the plurality of axes of rotation that 
alloWs plate 402 to tilt in any direction up to a predetermined 
angle. 

Mechanical stress in ?exures 404 during mirror tilting 
may alloW plate 402 to tilt in some directions in preference 
to others as the underlying electrodes (shoWn in outline) are 
charged. One Way to loWer these inherent preferences is by 
increasing the number of ?exures. Five or more ?exures 
(disposed substantially evenly spaced around the mirror) can 
aid in loWering the inherent tilt preferences. In one 
embodiment, the mirror is in the shape of a polygon of 5 or 
more sides, With each ?exure disposed on a side thereof. 

Seven or more ?exures further decrease the inherent tilt 
direction preferences. FIG. 11 is a top vieW of an embodi 
ment of a circular mirror plate 412 and eight semi-spiral 
shaped ?exures 414. Each ?exure 414 is attached to the 
optically transmissive substrate (not shoWn) using posts 416. 
This design is also robust to intrinsic deposited ?lm stress, 
alloWing plate 412 to rotate upon release from the sacri?cial 
layer during the fabrication process. In addition, the design 
shoWn in FIG. 11 is more robust to mechanical stresses that 
occur in ?exures 414 during mirror plate displacement, 
thereby alloWing more even tilting in all directions. Odd 
numbers of ?exures, or a number of ?exures greater than 
eight, could also be used. In one embodiment, ?ve or more 
?exures (eg from 5 to 12) are provided to alloW more even 
tilting in all directions. The mirror plate can be any suitable 
shape, though preferably it can be constructed as a circular 
disc or a polygon corresponding to the number of ?exures 
(eg a pentagon With 5 ?exures, a hexagon With six ?exures, 
etc., one ?exure on each side). The mirrors of this embodi 
ment as Well as all embodiments described herein can be 
interconnected With interconnects 342 as shoWn in FIG. 9. 

FIG. 12 is a top vieW of a third embodiment of circular 
mirror plate 422 and an array of ?exures 424 and 426. The 
array of ?exures is attached to the optically transmissive 
substrate (not shoWn) using support posts 428. As mirror 
plate 422 is displaced, ?exures 424 generally tWist and bend 
and ?exures 426 generally bend and stretch. The mechanical 
restorative forces in this ?exure design are inherently non 
linear, and so the design shoWn in FIG. 12 may be used to 
compensate for the increasing electrostatic force betWeen 
mirror plate 422 and an underlying electrode (not shoWn) as 
the distance betWeen the plate and the electrode decreases. 

FIG. 13 is a top vieW of a fourth embodiment of circular 
mirror plate 432 and four S-shaped ?exures 434. Each 
?exure 434 is attached to the optically transmissive substrate 
(not shoWn) by using posts 436. Each ?exure 434 acts as a 
simple spring and the design has loW sensitivity to both 
absolute stress in the ?exures, due to loW lateral spring 
constant, and stress gradients in the ?exures, due to the small 
physical extent. 

FIG. 14 is a top vieW of a ?fth embodiment of a mirror 
plate and ?exure design. Mirror plate 440 is attached to 
gimbal ring 442 using torsion ?exures 444. Gimbal ring 442 
is attached to support frame 446 using torsion ?exures 448 
aligned orthogonally to ?exures 444. Frame 446 is attached 
to the optically transmissive substrate (not shoWn) using 
?exures 250 that are each attached to support posts 252 on 
the bottom surface of the optically transmissive substrate. 
Additional electrodes are positioned on active substrate 254 
underneath frame 446, as illustrated by electrode 256. The 












